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ON DISPERSION IN VISUAL PHOTORECEPTORS 
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Biophysical Department. Laboratorium voor Algemcne Natuurkunde, Rijksuniversiteit Groningen. 
Groningen. The Netherlands 
(Received 21 July 1971) 
Abstract-An idealized visual pigment absorbance spectrum is used together with a Framers-tionig 
dispersion relation to calculate the contribution of the visual pigment to the refractive index of the 
fly photoreceptor. It appears that an absorption coeftcient of OGlO pm- ’ results in a refractive index 
variation of less than 5 x IO-*. The effect of this smali variation on waveguide properties of the 
fly photoreceptor is found to be negligible. It is argued that this conclusion also holds for other 
v&al photoneceptors. 
I&‘TRODUCPION 
pho~orec~tor structures behave as optical 
waveguides (Toraldo di Franc&, 1949; Enoch 1961) 
because the refractive index of the photoreceptive 
medium exceeds that of the surrounding region, and 
their diameter is in the order of the wavelength of 
light. Light conduction in the photoreceptor effect- 
ively increases the probability of light absorption in 
the visual pigment and thus the overall gnsitivity 
of the sensory cell. 
At the same time, the spectral sensitivity, although 
determined primarily by the absorption spectrum of 
the visual pigment, depends on the waveguide proper- 
ties. The critical parameters are the waveguide’s 
radius and the refractive indices of the media within 
and outside its boundary. 
In this account we wish to focus attention on a 
particular case of waveguide influence on spectral sen- 
sitivity. An absorbing medium always has a wave- 
length-dependent refractive index. This dispersion is 
extreme and so-called anomalous in the region of an 
absorption peak. Hence, the absorption in a photo- 
receptor caused by the visual pigment leads to ano- 
malous dispersion in the photoreceptor waveguide. 
The refractive index variation influences the wave- 
guide properties which in turn will affect the spectral 
sensitivity of the visual sense cell. Thus dispersion 
may be of importance in vision. 
The effect of anomalous dispersion has been dis- 
cussed recently by Snyder and Richmond (1972, 1973). 
They consider the absorbing molecule as a damped 
oscillator. The refractive index then is described by 
an analytic function according to classicaf Lorentz 
theory. 
In the present paper the validity of this simple 
approach is examined. We have used a general disper- 
sion relation and calculated the dispersion within a 
photoreceptor medium based on a realistic photopig- 
ment absorption spectrum. Subsequently we have 
quantitatively estimated the influence of the disper-- 
sion caused by the visual pigment on the spectral sen- 
sitivity of the receptor cell. 
REPRACIWE fND&X CALCULATIONS B3.SED ON 
A VISUAL PIGMENT SPECTRUM 
An absorption band of a medium results in a con- 
tribution to the refractive index of the medium. The 
Kramers-Kronig dispersion relation describing this 
contribution is presented in the appendix (equation 
(A4)). We have applied this relation to the absorption 
spectrum of an idealized visual pigment represented 
in Fig. la by the solid curve. The z- and b-band have 
been taken from the cattle rhodopsin-extract spec- 
trum determined by Collins, Love and Morton 
(1952). These data are adjusted to the spectrum deter- 
mined micro~ctrophotome~i~lly by Liebman 
(1972) who used light polarized perpendicularly to the 
long axis of a frog red rod; a smooth line is drawn 
through these data. The latter spectrum is chosen 
because it covers a very broad wavelength range. The 
y-band of the frog rhodopsin data is in close accord- 
ance with the corresponding data of cattle, if the fatter 
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Fig. 1. Absorption coefficient (a) and refractive index (b) 
of idealized visual pigment. The cotnplcte spectrum is 
resolved in five bands, called I to l . For each band the 
conjugated dispersion curve is calculated with the disper- 
sion relation quation (A4). The solid dispersion curve np 
of Fig. lb is conjugated by equation (AS) to the solid 
absorption curve of Fig. la. 
are corrccttd for dichroism ILlebmsr?. 1972). As 
shotvn in ths figure (dashed and dotted curcesl. the 
complete spectrum is rrsoi\cd into liw bands. 
It is well known that the absorption in the I- and 
j-band originates from tht pigment chromophore. 
The other peaks most probabl.- reflect the absorption 
by the protein part of the visual molecule. For con- 
venience sake they are indicated by 7. & and E. 
Although we are primaril! interested in the visual 
region. each distinct absorption band contributes to 
the refractive index over the whole spectrum. To gain 
insight in the separate contributions we have calcu- 
lated II,. u,,. n.:. tld and 12, with equation (A4) from 
the corresponding ti,. Q. etc. represented by the 
dashed and dotted curves in Fig. 1 b. The calculations 
are based on a maximum absorption coefficient in 
the x-band given by (x,), = 0~010,~rn-~. at i,, = 
498 nm. 
Each absorption band causes a dispersion curve 
which is normal (i.e. decreasing with wavelength), 
except in the region of extreme absorption where ano- 
malous dispersion occurs. Since equation (A4) is a 
linear equation. the refractive index corresponding to 
the full spectrum is obtained b! summing the separate 
results. Therefore. the solid curve in Fig. lb yields 
the quantitative variation in refractive index in a 
photoreceptive medium from the far ultraviolet up 
to and including the visual wavelengths. 
Henceforth we restrict our interesr to the visible 
region. i.e. r- and /?-absorption bands. Clearly. the 
dispersion here is chiefly due to the r-band. Although 
the other four bands slightly counteract he variation 
in II,. we still obtain in our example for the difference 
between the extreme values in the refractive index 11~ 
a value ofabout 4.5 x 10-‘; 11~ being the total refrac- 
tive index contribution. 
Sext we investigate how dispersion influences the 
waveguide properties of photoreceptors. 
THE EFFECTIVE ABSORPTIOS COEFFICIEXT 
OF A PHOTORECEPTOR 
Light entering an optical waveguide is propagated 
in wave patterns known as modes (Kapany, 1967). 
The relevance of the modes in vision is based on the 
fact that the light energy is only partly conducted 
within the boundaries of the photoreceptor. This frac- 
tion of power, TV, is for each mode a function v(V) 
of a dimensionless parameter L.. defined by (Biernson 
and Kinsley, 1965; Snyder and Richmond. 1972) 
p is the radius of the circle-cylindrical fibre. n, and 
112 are the refractive indices of, respectively, the 
medium within and that surrounding the lightguide. 
Data for q(V) have been presented graphically by 
Biernson and Kinsley (1965). 
The spectral sensitivity of a visual sense cefl is prin- 
cipally determined by the absorption in the X- and 
b-band. Now, in photoreceptors Beer’s law holds. but 
with a slight though important modification. Absorp- 
tion of light quanta takes place in the visual pigment 
which is present only within the receptor. Hence, if 
K represents the absorption coefficient of the photo- 
receptor medium. the effective absorption coefficient 
K . !f equals this absorption coefficient times the irac- 
tion of light energ rl propagated inside. Or 
K,.fi = qh’. II) 
From equations (1 i and (1) it appears that 9 implicit11 
is a function of n,. the refractive index of the photo- 
receptor medium. 
However. it must be noted that JI, in turn depends 
on the absorption coeficient K, as follows immedi- 
ately from the preceding section. We have shown in 
the appendis that if xP represents a restricted part 
of the absorption spectrum. then its contribution ?I:, 
to the refractive index originating from the remaining 
part n,, results in the ultimate refractive index 
!I, = H,, + PIP. (31 
Thus, I+~ depends on the absorption coefficient 
of the visual pigment both directly and indirectly (via 
r/). It is the latter, indirect action which is discussed 
by Snyder and Richmond as the effect of anomalous 
dispersion on visual photoreceptors. 
THE DISPERSION EFFECT IN 
FLY PHOTORECEPTORS 
Because of our special interest in fly photoreceptors 
we have treated the dispersion effect in this case in 
a quantitative way. It should be remembered that in 
compound eyes of flies two types of visual receptors 
or rhabdomeres are fbund. The slender type has a 
constant radius of about 05pm along its entire 
length. The wider one tapers from distal to proximal 
from about 1.0 to 0.5 pm (Boschek, 1971). The refrac- 
tive indices of waveguide and surrounding medium 
are taken to be n,, = 1.360 and n, = 1.339, respectively 
(cf. Stavenga. 1974). 
In order to obtain in detail the effect of dispersion 
at different waveguide radii all calculations are car- 
ried out with four values of p ranging from @4 to 
i.Opm. First. dispersion is neglected. i e. nI < II,. After 
calculating V as a function of wavelength, the fraction 
of the light power propagated inside the photorecep- 
tor then may be determined from the function q(c’1. 
The solid curves in Fig. 2 thus represent he light- 
power fraction, denoted by v,, in the unperturbed. 
dispersionless ituation, as a function of wavelength. 
Subsequently we have introduced dispersion. NOW. 
an accurate absorption spectrum of fly visual pigment 
is not yet at our disposal. However, our measurs- 
ments on the photopigment of the fly Calliphoril 
eryrhrocephla M. (Stavenga, Zanterna and Kuiper. 
1973) reveal that the absorption spectrum may k 
approximated by the spectrum of the idealized pig- 
ment used before. Together with an upper estimate 
for the absorption coefficient in the fly of 0.010 Pm- ’ 
we can use the resulting dispersion nP from Fig. lo 
as obtained from Fig. la. The perturbed V then is 
obtained from these data with equations (1) and (3). 
The resulting light fraction q, represented by the 
dashed curves in Fig. 2. is seen to differ but little 
from the unperturbed u,. 
Finally we wish to discuss the influence of the dis- 
persion on the effective absorption. Again we have 
Dispersion in visual photoreceptors 
Fig. 2. The light-power fraction propagated inside an opti- 
cal waveguide as a function of wavelength in fibres with 
different radii p. The unperturbed fraction of* is obtained 
when the medium of the waveguide exhibits no dispersion 
and the refractive indices of the waveguide and surround- 
ing medium are respectively n, = t-360 and n, = i-339. If 
the substance possessing the dispersion of Fig. Ib becomes 
a constituent of the waveguide medium then the perturbed 
fraction q is obtained. qs and tf are represented by the 
solid and &shed line, respectively. 
compared the unperturbed and the perturbed case or 
K:r = ‘toKp tU3d K,r = t_lK, (4) 
Figure 3 represents the absorption by the chromo- 
phoric group, P, + Q. Multipli~tion by qO, results 
in the unperturbed absorption coefficient hP,g (solid 
lines)_ while using q the perturbed absorption coeffi- 
cient K,~ arises (dashed lines). For clarity’s sake only 
the cases with p = @4pm and p = @8/1m are given. 
It is obvious that the effect of the dispersion ori- 
ginating from the visual pigment is not at all drama- 
tic. However, there is quite another significant feature 
to be observed, viz. the effect of the radius: the 
absorption peak in the slender waveguide is shifted 
Fig. 3. The effective absorption coefficient of a visual 
photoreceptor. The absorption coefficient of the photore- 
cepting medium, is mukiplied with q0 and q (shown in 
Fig. 2) for the cases p = 08 m and p L+ 04~. The rest&- 
ing effective absorption coefficient of the visual waveguide, 
hTe and K,~ respectively, are virtually equal. x,~ and k$ 
are smaller in the slender than in the wider waveguide. 
Moreover, they are progressively shifted towards shorter 
wavelengths. 
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with regard to that in the wider one (cf. Snyder and 
Pa&, 197321). This shift towards shorter wavelengths 
is counteracted very slightly by the dispersion effect 
as follows from comparison of hD,@ and Q. 
So, we have to conclude that the effective absorp- 
tion spectrum of a fly photoreceptor certainly can 
deviate from the absorption spectrum of the pigment 
localized in it. However, this change is almost exclus- 
ively the consequence of a general property of optical 
waveguides, namely that a wavelength dependent 
fraction of the light energy is propagated outside its 
boundary. The action of anomalous dispersion must 
be, at least in the fly, of very minor importance. 
DlSCUSSlON 
Starting with the absorption spectrum of an idea- 
lized visual pigment in a photoreceptor we have cal- 
culated the dispersion originating from the pigment. 
An obvious proviso to be made concerns the 
approximation of Ay visual pigment by cattle rhodop- 
sin. Since all invertebrate visual pigments studied so 
far appear to be rhodopsins. i.e. vitamin Al-based 
(Goldsmith, 1972). this conjecture seems permissible. 
The most important figure is the extreme value of 
the absorption coefficient of the pigment. Accepting 
0010 ,um- ’ as a certainly extreme value Fig. 2 shows 
that at all rhabdomere cross-sections the waveguide 
properties undergo a vanishing influence of the dis- 
persion, Application of the value derived for the 
housefly by Kirschfeld (1969) being IC,&,) = 
OQO5 p- ’ results in an even smaller effect. 
It should be remarked that Fig. 2 is based on 
refractive index values .deviating from those deter- 
mined experimentally by Seitz (1968). He reported for 
the rhabdomere medium a refractive. index of l-349 
and for the two media bordering the rhabdomere, 
values of l-341 and 1.3365 respectively. However, the 
measurement of Seitz must have been influenced by 
waveguide effects (Stavenga, 1974, 1975). After cor- 
rection adequate values are 11~ = 1.365 + 0.006 and 
n2 = 1,339 _t 0002. In the present investi~tion we 
have taken n, = 1.360 to avoid a possible underesti- 
mate of the effect of anomalous dispersion on absorp- 
tion. Yet, it can be seen readily that even with n, = 
1,349 the resulting effect remains negligible. 
In Fig. 3 we have presented the effective absorption 
coefficient for the case of circle-cylindrical photo- 
receptors.Actually theperipheralflyrhabdomerestaper, 
however. In tapering optical waveguides the light- 
power fraction q and accordingly also the effective 
absorption coeficient are a function of the longitudi- 
nal coordinate. integration along this coordinate then 
yields the total absorption (Snyder and Pask, 
1973b,c). This reveals that also in the case of the 
tapering fly rhabdomeres the dispersion effect is neg- 
ligible, which outcome is comprehensible with regard 
to Figs. 2 and 3 where it is shown that in the actual 
radius range of 0-5-1.0~ the influence of dispersion 
is very small. 
Yet we have to mention that the light intensity 
entering a waveguide depends on wavelength and on 
the waveguide parameters: radius p and refractive in- 
dices ni and n2. The light-entrance function can be 
approximated by q(i.) (Snyder and Richmond 1972, 
1973). In a fly rhabdomere the radius value at the 
distal end is I.O,Llm. In Fig. 3 tht vanishing depsn- 
dence of q on dispersion at this radius value is shoun. 
.After all we thus can but conclude that dispersion 
will affect the extinction spectrum of tip rhabdomeres 
very inconspicuously indeed. 
As is revealed by Fig. 3. the only change in the 
effective absorption coeficient of fly rhabdomeres to 
be observed in practice is the shift toaards shorter 
wavelength as a consequence of a small radius. Since 
both types of rhabdomeres contain the same visual 
pigment (Stavenga cc (zi., 1973) the blue shift in the 
slender one is supposed to be essential in the Hy 
colour-vision system (Snyder and Miller. 1972; 
Snyder and Pask. 1973a: Stavenga 6’~ I., 1973). 
Of particular interest to our discussion is Snvder 
and Richmond’s quotation of the average extinction 
curve of fly photoreceptors. measured microspectro- 
photometrically by Langer and Thorell (19663. They 
explain the bumpiness of this curve with the effect 
of anomalous dispersion. We discard this and point 
to an entirely different interpretation (see the com- 
ment added by Langer to Stavenga et ~11.. 1973). 
Our photochemical studies on the visual pigment 
of the fly have shown that the visual molecule does 
not decompose after quantum absorption. In contrast 
with vertebrate pigments. a thermostable photopro- 
duct is created. It has become apparent now that the 
microspectrophotometric curves cited by Snyder and 
Richmond do not represent he pure visual pigment 
*but are obtained from mixtures of native pigment and 
photoproduct. 
Having arrived at this point we can ask what the 
rather involved Kramers-Kronig approach which we 
have presented here. has improved on the much 
simpler Lorentz treatment given by Snyder and Rich- 
mond (1971). In answer to this question we have de- 
veloped in the appendix some useful relations. Deal- 
ing with a single Lorentzian absorption peak the 
resulting extreme deviation in refractive index equals 
[see the appendix, equation (A9)] 
where K,,, is the maximal absorption coefficient. at 
wavelength i., and B;.,,, the distance between the two 
wavelengths where the absorption coefficient is at half 
the maximal value. Approximating the visual pigment 
r-band with a Lorentzian yields 0 2 0.2 (and not 
u 2 0.1 following Snyder and Richmond, 1972). With 
i, = O-498 !trn and K, = 0.010 ktrn- ’ equation (5) 
yields An 2 4.0.x 10-j. We. have noted above that 
according to Fig. lb the difference between the 
extreme refractive index values is 4.5 x IO-” even 
when including involvement of the counteracting 
effects of the p, 7, etc. bands. So the dispersion effect 
in the approximated treatment is yet slightly smaller 
than in the elaborately discussed accurate approach 
which already yielded vanishing effects. 
Still more, equation (5) provides us with the possi- 
bility to study quickly the case of vertebrate photore- 
ceptors. Here the maximal absorption coefficient x,,, 
can amount up to about 0.04 Llrn- ’ (Liebman, 1973). 
Assuming a visua1 (cone) pigment peaking at i., = 
0.55 /cm the variation in refractive index then 
becomes approximateI\ AN = 1.8 x 10m3. To estab- 
lish the influence of &is rsfractive index change we 
have to cornpart ihis ~:llu? I\ !th the diRer<nce 111 
refractils In&cc> of the mdi, insI& dnd outjlde the 
\ isual pho torsczptor /I l - ‘1:. In Lertebrateh ~l,-,l~ 
Lalues about 0.05-0.0 i Barer. 19571. Thr variation 
in I~~+I, induced b! dispsrsion amounts to ;It the 
utmost -I per cent. This is about n\ics the variation 
calculated in the case of the tly rhabdomerss: J x 
10-J~O~031 12 per cent. Hence. it can be concluded 
that also in certebrate visual photoreceptors the in- 
fluence of dispersion is small. which conclusion also 
emerges from explicit calculations using the Kramer+ 
Kronig relation. So the spectra produced by Xtfarks. 
Dobelle and MacNichol t 196-b) (obtained from partly 
bleached primate cones!) which are cited bv Snyder 
and Richmond i 1972. 1973) as an instance of-influence 
by anomalous dispersion have to be explained in 
other terms (for ;I critical review we refer to Liebman, 
1972). 
As a general remark we Lvish to state that we prin- 
cipally agree with the concepts of Snyder and Rich- 
mond concerning the influence of dispersion on opti- 
cal waveguide properties. With the introduction of 
the Kramzrs-Kronig relation we have merely refined 
their theory. Yet, because Snyder and Richmond have 
taken into account the x-band only. and furthermore 
have failed to apply reasonable values for the absorp- 
tion coefficient, they erroneously have found examples 
of “undoubted changes in extinction resulting from 
anomalous dispersion” (Snyder and Richmond. 1971, 
197.;). 
In conclusion we claim that the dispersion in the 
\-is& photoreceptors is of minor importance to the 
visual process. 
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M’PENDIX 
The refractive index n(o) of a medium and the absorp- 
tion coefficient k(o), i.e. the relative light-intensity loss per 
unit length, are related by the Kramers-Kronig dispersion 
relation (cf. Bell. 1967; Stern, 1963) 
9 
n(o) - 1 ,cp I K(W’ )R -ddw’ (Al) 0 m 
where c is the wavelength in vacuum and P denotes the 
principal value of the integral. Since frequency w and 
vacuum wavelength i. are related by LL) = Zrrc/l equation 
(Al) is equivalent o 
n(i) - I =?-$ P (AZ) 
Here k represents the complete absorption spectrum. If 
kc represents a restricted part of this spectrum and Y, the 




n,(i) = $ P (A4) 
is the contribution to the refractive index originating from 
the absorption band(s) characterized by k,. Clearly from 
” = II, + Up (A5) 
it follows with equations (AZHAS) that the refractive index 
n, is related to k, in a manner similar as given in equation 
(AZ). 
As a special example of equation (Al) we now consider 
briefly the classical Lorentz case. 
In the Lore& theory of absorption IQ, and kp are de- 
rived directly (cf. Snyder and Richmond 1972). It follows 
that 
h.&,(i) = $1 + [PT) (A6) 
and 
n,(i) = z i,ai.‘(i.’ - if)/([;.’ - ii]’ + o’i’i$ (A7) 
i 
where k, is the maximal absorption coefficient. at wave- 
length i.,. 
It can be shown that equation (A6) substituted in 
equation (h-l) yields equation (A7). 
Since at 
the absorption coefficient is at half of the extreme value 
it follows 
L, - i., 
o= -. 
So u is the relative hallividth of the Lorentzian absorption 
curve. 
The resulting refractive index has extrema at I = &,J 
J(l f a) where np = &.Q.,,,/(4n[2 ‘F: rr]); (cf. Snyder and 
Richmond 1972). 
Hence. the extreme variation in the refractive index is 
A,l=$/[l -(;J 
The latter relation can be used for a quick estimation of 
the effect of anomalous dispersion (see Discussion). 
